Introduction
Metal oxide nanocrystals offer significant potential for use as catalysts or catalyst supports due to their high surface areas and unique chemical properties that result from the high number of exposed corners and edges. However, little is known about the catalytic activity of these materials, especially as oxidation catalysts. This research focuses on the preparation, characterization and use of vanadium-containing nanocrystals as selective oxidation catalysts.
Three vanadium-containing nanocrystals were prepared using a modified sol-gel procedure: V/MgO, V/SiO 2 , and vanadium phosphate (VPO). These represent active oxidation catalysts for a number of industrially relevant reactions. The catalysts were characterized by x-ray diffraction and Raman, UV-VIS, infrared and x-ray absorption spectroscopies with the goal of determining the primary structural and chemical differences between nanocrystals and microcrystals. The catalytic activity of these catalysts was studied in oxidative dehydrogenation of butane, butane oxidation to maleic anhydride, and methanol oxidation to formaldehyde. The end result of this research was a better fundamental understanding for how crystal size affects the local environment of vanadium in mixed metal oxides and how this change affects catalytic properties.
Results
The stated project goals of characterizing the surface and catalytic properties of vanadium-containing nanocrystalline metal oxides were met. Substantial progress was made in correlating catalytic results with surface structures, and a better understanding of how using metal oxide nanocrystals as a catalytic support affects catalytic properties was achieved. Results of this research can be broken down into three different areas: oxidative dehydrogenation catalysts, vanadium phosphate catalysts prepared using a sol-gel technique, and probing chemical properties of sol-gel prepared materiels using methanol oxidation catalysts.
Oxidative Dehydrogenation Catalysts
Vanadium supported on magnesium oxide has previously been reported as a selective catalyst for oxidative dehydrogenation of light hydrocarbons. In this research, the effect of using nanocrystalline metal oxides as the support was investigated. Catalytic results for vanadium supported on MgO nanocrystals prepared using a modified sol-gel synthesis and on MgO prepared using a conventional technique were compared. The surface structure of vanadium in these two catalysts was also studied in an attempt to rationalize the catalytic differences.
For V/MgO nanocrystals, MgO was synthesized through an aerogel method [Klabunde, 1996] using a bench top autoclave Parr model 4843. For V/MgO microcrystals, commercially-purchased MgO (Aldrich, 99+ % purity) was modified to give a higher surface area [Klabunde, 1996] . Vanadium supported on MgO nanocrystals and microcrystals were prepared by impregnation of V(acac) 3 followed by calcination, with the only difference being the MgO starting material and the calcinations procedure. For MgO nanocrystals, calcination was done under vacuum to prevent loss of surface area Catalysts were characterized using BET surface analysis, XRD, TEM, Raman and XANES. XANES measurements were conducted at the Advanced Photon Source at Argonne National Laboratory as part of collaboration initiated as part of this project. Experiments to test the catalytic activity of all samples were performed in an 11 mm ID quartz tube reactor placed inside a cylindrical furnace. Butane and oxygen were flowed through mass controllers into the catalyst bed, and products were measured using gas chromatography.
Surface area was approximately double for the nanocrystalline support, and it decreased with increased vanadium weight loading. XRD patterns showed only MgO, without clear peaks for vanadium phases. The crystal sizes of the MgO supports were estimated from the width of the diffraction peaks, and the catalysts prepared using the sol-gel method had crystal sizes of around 5 nm, while the conventional MgO support had crystal sizes of around 10 nm. TEM micrographs were in general agreement with the calculated crystal sizes.
Vanadium structure was probed using Raman spectroscopy. Raman spectra were taken for 5, 10, 15, 20, and 25% vanadium on nanocrystalline MgO. For 5% vanadium on nanocrystalline MgO, there were two peaks: a broad peak at just over 400 cm -1 , and one at ~825 cm -1 . The same peaks ware apparent as the weight loading increased to 10 and 15%, although they were not very sharp. In addition, there was a broad feature with low intensity between 900 and 950 cm -1 . For 20% V/MgO, there was a broad peak between 800 and 1000 cm -1 , with no clear peak at 825 cm -1 as for the lower weight loadings. Around 400 cm -1 there was a broad feature with low intensity. For the highest two weight loadings, there were sharp peaks around 860 cm -1 , and shoulders that extend beyond 900 cm -1 . In the lower part of the spectra, these two samples had broad features at just under 400 cm -1 , with small peaks at ~360 cm -1 on top of the broad feature. Previous studies have suggested that peaks at 380, 825 and 860 cm -1 results from V-O bonds stretches in magnesium orthovanadate (Mg 3 (VO 4 ) 2 ) (Pak,2002 ,Hanuza, 1985 ,Busca, 1994 . Therefore, the Raman results for the nanocrystals suggested that at all loadings, magnesium orthovanadate is present, and that the amount of magnesium orthovanadate increases with weight loading. Peaks at 902 and 950 cm -1 have been attributed to pyrovanadate (Mg 2 (V 2 O 7 )) [Tellez,2000 ,Busca, 1994 . There is no evidence for magnesium pyrovanadate for 5% V/MgO, but all other catalysts have features in the range of 900-950 cm -1 that may indicate the presence of magnesium pyrovanadate. It should be noted that there are no peaks at ~1000 cm -1 , where V=O bonds should exist. This shows that there are no V 2 O 5 crystallites or isolated tetrahedral vanadyl groups with terminal V=O bonds.
Raman spectra for vanadium supported on conventional MgO with V 2 O 5 weight loadings of 5, 15, and 25% were obtained. There were no detectable features in the 5wt.% spectrum. The spectrum for the 15 wt.% sample showed a broad feature in the region of 350-500 cm -1 . There was a large, broad peak between 740 and 980 cm -1 . This peak had a shoulder at ~825 cm -1 and a maximum at ~860 cm -1 , indicating the presence of magnesium orthovanadate. No clear features were seen that indicated magnesium pyrovanadate, although the peak extended into the range where magnesium pyrovanadate peaks would appear (950 cm -1 ). For the 25% V 2 O 5 spectrum, there were broad peaks at ~ 400 cm -1 and between 800 and 950 cm -1 . These results suggested that there was magnesium orthovanadate present on the 15% and 25% samples, and possibly magnesium pyrovanadate as well. Again, there were no peaks that would suggest the presence of groups with V=O bonds.
XANES spectra were taken for both types of MgO supports. In all spectra, there was an intense pre-edge peak near 5468.4 eV. This peak has been attributed to the dipole forbidden 1s 3d transition that is allowed due to mixing of 3d and 4p orbitals and overlap of the vanadium 3d orbitals with the 2p orbitals of neighboring oxygen (Wong, 1984) . As the symmetry around vanadium is lowered from octahedral to square pyramidal to tetrahedral, the molecular cage around vanadium is decreased, leading to greater mixing and overlap of orbitals and a greater intensity for the pre-edge peak. The pre-edge peaks of all catalysts had a similar intensity to that of NH 4 VO 3 and much higher than that of V 2 O 5 , suggesting that VOx groups in all of the V/MgO catalysts prepared in this work had a tetrahedral geometry.
The sharpness of the pre-edge peak has been correlated with the spread of V-O distances [Wong, 1984; Tanaka, 1988] . Wong, et. al. found that a larger spread of the V-O distances gave broader pre-edge peaks in a series of tetrahedral vanadium compounds. The 1s-3d core hole Coulomb interaction changes with bond length, leading to differences in the 1s 3d transition and, therefore, the pre-edge peak. The peak widths at half the maximum for all catalysts and reference materials were calculated, and a trend was noted towards increasing peak width with increasing vanadium loading. The peak widths for AP and CP V/MgO were similar at weight loadings of 15 and 25%; however, the peak width of nanocrystalline V/MgO was smaller than that of conventional V/MgO. In addition, it was seen that the peak widths at half height for all V/MgO catalysts, with the exception of 5 weight% nanocrystalline V/MgO, were similar to that of NH 4 VO 3 . This suggests that the spread of V-O bond distances was similar to that of NH 4 VO 3 , which is known to have two V-O bonds with length of 0.181 nm and two other terminal V-O bonds of 0.166 nm [Evans, 1960] . The changing peak widths for V/MgO catalysts may reflect a change in the relative amounts of magnesium orthovanadate and magnesium pyrovanadate. Magnesium pyrovanadate has a range of V-O bond lengths from 0.163 to 0.182 nm [Sam, 1990] , while the bond lengths for magnesium orthovanadate varies only between 0.17 and 0.181 nm [Krishnamakari,1971] . Therefore, the increase of the peak width with vanadium oxide loading may result from an increased amount of magnesium pyrovanadate. No peaks characteristic of V 2 O 5 crystallites were observed.
Different catalytic results were noted when aerogel-prepared (AP) nanocrystalline MgO was used as the support, as shown in Figure 1 . For the same weight loading, AP V/MgO gave similar butane conversion as conventionally-prepared (CP) V/MgO, but gave higher butene selectivity, less CO selectivity and less selectivity to ethylene and propylene. The surface characterization results suggested that for all catalysts vanadium was present in small, isolated domains. There was no evidence that V 2 O 5 crystallites were present. The XANES and Raman results suggested that VOx groups had a tetrahedral arrangement. Raman spectra suggested that primarily magnesium orthovanadate was present on all catalysts, especially at low loadings. However, there was likely magnesium pyrovanadate present for catalysts with weight loadings 15% and above, as shown by the broad band at ~950 cm -1 for AP V/MgO at weight loadings of 15, 20, 25%, and 30% and for the CP V/MgO sample with 15 and 25 weight%.
The differences in catalytic results between the two forms of MgO were hypothesized to be due to two possible differences in the catalysts. The first was the chemical differences of the underlying support. It was hypothesized that nanocrystalline MgO was more basic, which could weaken butene adsorption, leading to higher butene selectivity. This hypothesis was further studied by methanol partial oxidation experiments described below, and as discussed, this is not likely responsible for the observed catalytic differences. The second possibility is that there were smaller vanadium domains on the nanocrystalline MgO due to the higher surface area of the support, and the domain size might determine the product selectivity. As discussed below, this hypothesis is the most likely one.
Vanadium phosphate catalysts prepared using a sol-gel technique Vanadyl pyrophosphate ((VO) 2 P 2 O 7 ) is used industrially to produce maleic anhydride by butane oxidation. Preparation of vanadyl pyrophosphate is complicated, proceeding first through a precursor (VOHPO 4 •0.5H 2 O). Catalysts that can operate at low temperatures are desired to increase maleic anhydride selectivity. Several techniques have been applied to increase the activity of VPO catalysts [Hutchings, 2004] . It is interesting to note that a high-surface-area precursor leads to an increase in the surface area of the active phase [Hutchings, 2004; Hutchings, 1997] .
While surface area of the catalyst is important, morphology is also important for obtaining high-activity catalysts since crystallites with exposure of the (100) plane in the active phase are considered more selective [Centi, 1988; Horowitz, 1988] . Transformation from the precursor to the active phase is topotactic; the (001) plane on the former transforms into the (100) in the latter [Bordes, 1987] . Thus, the morphology of the precursor plays an important role on the catalytic activity of VPO.
Research was conducted to synthesize high surface-area vanadyl pyrophosphate catalysts with the desired morphology in order to produce active catalysts for butane oxidation to maleic anhydride. Our approach was to use a modified sol-gel approach to synthesize the precursor for vanadyl pyrophosphate and then reduce the precursor to get the active phase.
The sol-gel procedure was based on the reported methodology by Ennaciri et al [Ennaciri,2000] . One molar solutions of vanadium (V) triisopropoxide and orthophosphoric acid in THF were reacted to form a gel, which was aged for three hours. Drying this gel under air produced a powder with a surface area of 56 m 2 /g, and x-ray diffraction pattern and infrared spectroscopy suggested that the powder was primarily comprised of α-VOPO 4 and VOPO 4 •2H 2 O. Interestingly, the diffraction pattern showed reflections not attributable to either compound. It was found, by fitting the diffraction pattern, that the compound was in fact an intercalated compound, with solvent or product molecules located between layers of the vanadium phosphate.
This gel was dried under high pressure in a glass-lined 600-ml capacity Parr reactor. The reactor was pressurized with nitrogen to 7.9 bars, then heated from 25 o C to 265 o C at a rate of 1 o C/min. After ten minutes at the maximum temperature, the reactor was vented in about one to two minutes. The product was placed in a quartz cell and evacuated to ~ 6×10 -6 bars while heating at 200 o C to remove any remaining solvent. The key with this drying procedure was to reach the critical point in order to prevent the direct vaporization of liquid, which would lead to collapse of the pores of the gel. In order to reach the critical point, solvent was added before the slurry was dried in the autoclave. To determine the influence of the amount of added solvent in the final product an experiment with a completely randomized design was carried out with three levels or treatments: adding 20 ml, 50 ml or 100 ml (low, medium and high level, respectively) of THF.
The amount of solvent was found to have a significant effect on the surface area of the final material. Surface areas of the low, medium, and high amounts of solvent were 65, 102, and 121 m 2 /g, respectively. For the low amount of solvent, it was found that the pressure generated upon heating the gel did not allow the system to reach the critical point. Because of this, the liquid inside the pores was vaporized and the pores collapsed.
In addition to the differences in surface area, significant differences were noted for the final material produced. Figure 2 shows the DRIFTS spectra that clearly show a change in the vanadium phosphate phases present for different methods of drying. For drying under air at atmospheric pressure and using a high amount of solvent, only peaks corresponding to hydrated and dehydrated VOPO 4 phases are noted. As the amount of solvent is increased, new peaks are noted. These peaks correspond to the precursor phase (VOHPO 4 •0.5H 2 O) as seen by comparing the spectra to spectrum e), which is the spectrum of VOHPO 4 •0.5H 2 O prepared using conventional techniques. X-ray diffraction results confirmed these results. These results suggest that reduction occurred inside the autoclave during the drying procedure, since VOHPO 4 •0.5H 2 O contains vanadium in the 5+ oxidation state, while VOPO 4 contains V
4+
. The reduction process can be attributed to the alcohol generated as byproduct during the hydrolysis of the vanadium alkoxides. It is known that alcohols are good reducing agents to prepare the precursor. Reduction of VOPO 4 with isopropyl alcohol and other alcohols has been reported to yield non-agglomerated particles with platelet crystalline morphology as the results of the reduction of VOPO 4 [Horowitz, 1988] . This is in agreement with the trend seen in Figure 2 . As more solvent was added to the slurry the concentration of alcohol decreased and less reduced products were obtained. In contrast, low amount of added solvent resulted in more reduced phases. As measured through titration, the average oxidation state of the samples decreased with the amount of solvent. Samples prepared through the sol-gel preparation method also appear to have a promising morphology, as seen in Figure 3 . High pressure drying yields platelets while atmospheric pressure drying yields spherical particles. Among the high pressure treatments, the low amount of solvent produced larger particles and again there is not a distinguishable difference between the medium and high amount of solvent. The reduced compounds shown in Figure 3 We have also conducted experiments to convert the VOHPO 4 •0.5H 2 O formed through the sol-gel process into vanadyl pyrophosphate, which is the desired phase for butane oxidation to maleic anhydride. This transformation requires dehydration of the precursors described above. Dehydration of the sample produced using a medium amount of solvent was carried out at 450 o C for up to 45 hours under inert atmospheres but mainly amorphous materials were obtained. This suggests that the concentration of precursor (VOHPO 4 ·0.5H 2 O) was not high enough to generate a crystalline active phase that can be detected by the powder XRD.
To increase the composition of the precursor in the high surface area precursor materials, the yellow gel-like product of the vanadium alkoxide hydrolysis was mixed with 2-propanol prior to autoclave drying. As discussed above, we observed that the concentration of 2-propanol affects the composition of the precursor in high-surface-area materials: the higher the 2-propanol concentration in the slurry the higher the precursor concentration in the powder. The best results (judged from the DRIFT spectra and XRD patterns) were obtained after mixing the slurry with 20 ml of 2-propanol for 15 hours (overnight). The surface area of this material was 95 m 2 / g. An additional effort to increase the composition of the hemihydrate in the precursor was to modify the gelation process. The acidic solution was added to the alkoxide solution very slowly (10 ml in 25 min). This procedure was used because it is known that that the gelation process is better when the hydrolysis reactions are slower than the condensation ones. The resultant slurry was mixed overnight with 2-propanol prior the high pressure drying. The product of the high pressure drying was identified as the hemihydrate with a surface area of 130 m 2 / g. A comparison of these materials with the precursor obtained from the autoclave drying with only THF at medium level of solvent is presented in Figure 4 .
Both of the above-described materials were dried under an inert atmosphere at 450 o C for up to 45 hours. Their surface areas were not drastically affected by drying, and their DRIFT spectra and XRD patterns contain many of the features of the active phase, (VO) 2 P 2 O 7 . The XRD patterns are shown in Figure 5 . Probing chemical properties of sol-gel prepared materials using methanol oxidation
We have studied how the use of two aerogel-prepared (AP) metal oxides (SiO 2 and MgO) as supports for vanadium affects the vanadium surface phases and the chemical properties of the catalysts. Methanol partial oxidation was used as a probe of acid/base and redox properties of the catalysts [Tatibouët, 1997] , while H 2 -TPR was used to evaluate the reducibility of the catalysts. Several techniques were used to characterize the physical properties of the catalysts (BET, Raman spectroscopy, and UV-Vis spectroscopy).
AP SiO 2 was formed by a sol-gel process [Anderson, 1999] combined with supercritical drying in a bench-top autoclave (Parr Model 4843) [Klabunde, 1996] . A solution of tetramethoxysilane was reacted with ammonium hydroxide in water to form the gel. The gel was then heated in an autoclave from room temperature to 265 o C over a 4-hour period.
For AP MgO, 5 g of magnesium ribbons (Alfa Aesar, 99.8+ %) was reacted with 200 mL methanol under nitrogen for two hours. The resulting solution was mixed with 200 mL toluene and then slowly added 4 mL deionized water with a syringe. This mixture was stirred overnight and transferred into an autoclave, where it was dried with a hypercritical drying process. The remaining white magnesium hydroxide powder was calcined at 500 o C under vacuum overnight. Vanadium was then introduced onto each support by the incipient-wetness method. Prior to impregnation of vanadia, all supports were dried at 120 o C under vacuum for two hours to remove physisorbed water. Vanadium isopropoxide (VO(Oa b c Pr i ) 3 , Alfa-Aesar 97 %) dissolved in isopropanol was dripped onto the support inside a glovebox. The sample was left inside the glovebox overnight. Subsequently, the sample was dried in flowing N 2 at 120 o C for one hour and at 300 o C for one hour, and were calcined in flowing air at 300 o C for one hour and at 450 o C for two hours. Various vanadium weight loadings, from 0.5 to 10 % of V/SiO 2 and 5 to 30 % of V/MgO, were prepared using both AP and commercially-prepareted (CP) supports. Also 15 and 30 % weight loadings of CP V/SiO 2 catalysts were synthesized to investigate the surface V 2 O 5 phase and its catalytic performance.
With increasing vanadia loading, the surfaces areas of all samples generally decreased, with only a few exceptions. Surface areas of all AP catalysts were at least twice as high as CP catalysts. This increased surface area resulted in much lower vanadium surface densities for AP catalysts for the same weight loading.
The colors of hydrated and dehydrated AP and CP V/SiO 2 catalysts with various loadings were noted. For dehydrated samples, observations were obtained after purging with pure oxygen at 450 o C for 30 minutes. The colors of silica and V 2 O 5 crystals were white and orange, separately, and sustained their colors whether hydrated or not. The results of both AP and CP samples had the same trend. With increasing vanadium content, the colors of samples became darker. CP samples became orange with high weight loadings, while AP samples did not.
Previous studies found that both monovanadate species and vanadium pentoxide phases on a silica surface were yellowish in color under ambient conditions where samples were hydrated. When samples were dehydrated at elevated temperatures, the monovanadate species become white while the yellowish color was maintained by vanadium pentoxide phases [Gao,1998 ]. This suggests that samples with darker colors contained more crystalline V 2 O 5 .
For V/SiO 2 catalsyts, Raman peaks characteristic of VO 4 groups were not detected, likely because the sample were hydrated. However, a peak was noted at 1037 cm -1 for CP V/SiO 2 with weight loadings of 10% and higher. This peak has been attributed to V 2 O 5 • nH 2 O gels formed by the hydration of either VO 4 groups or V 2 O 5 . For V/MgO catalysts, bulk vanadate phases were detected by Raman spectroscopy for both AP and CP samples for weight loadings above 20%. However, AP samples showed peaks characteristic of magnesium orthovandate (Mg 3 (VO 4 ) 2 ) alone, while CP samples showed both magnesium orthovanadate (Mg 3 (VO 4 ) 2 ) and magnesium pyrovandate (Mg 2 V 2 O 7 ) for weight loadings of 25% and 30%.
Temperature-programmed reduction results for 1, 3, 5, and 10 % vanadia loadings on AP and CP silica supports showed only one reduction peak. The peak where the amount of H 2 consumption is maximum, noted as T max , increased with increased loading and was similar for AP and CP V/SiO 2 catalysts. One broad peak may enclose multiple peaks from several surface vanadyl phases. According to previous work, crystalline V 2 O 5 on silica possesses the highest T max of any vanadyl species . Thus, the TPR results imply that at higher vanadia loadings, there is more V 2 O 5 on the silica surface. Temperature-programmed reduction for all V/MgO samples showed similar trends to V/SiO 2 , with increasing T max with increasing vanadium loading.
UV-VIS results for CP V/SiO 2 catalysts showed the presence of a shoulder at 500 nm, which is attribute to V 2 O 5 , while AP catalyst did not show this feature. For both V/SiO 2 and V/MgO catalysts, the UV-VIS absorption edge energy decreased with increasing vanadium loading. A recent article discussing the relation between the absorption edge energy and size of surface oxide domains noted that the bandgap energy of a real system decreases as the domain size increases [Weber, 1995] . Therefore, the decreasing absorption edge energies with increasing vanadia contents imply that the sizes of the two-dimensional active oxide domains grows [Chen, 2002] .
The characterization results suggest that CP V/SiO 2 catalysts have V 2 O 5 crystallites for higher weight loadings while AP V/SiO 2 catalysts do not. This would be expected, since the surface area of the AP SiO 2 is much higher than that of CP SiO 2 . For V/MgO catalysts, the characterization results suggest that both forms of support initially support magnesium orthovanadate, but that at high weight loadings, the CP MgO supports both magnesium orthovanadate and pyrovanadate. As discussed below, we hypothesize that these differences in vanadium surface structures play an important role in the catalytic process.
In methanol oxidation, the AP and CP V/SiO 2 catalysts gave nearly the same product selectivities except for low weight loadings (0.5-2 %). For those weight loadings, CP samples gave higher formaldehyde selectivities than AP samples at roughly the same conversion. The selectivity difference can be attributed to the silica support, rather than to differences in vanadium structure, since isolated monovanadate species are expected on both AP and CP V/SiO 2 due to the low vanadium surface densities. Silica is not selective to formaldehyde, instead producing carbon oxides and dimethyl ether. AP silica is approximately three times as active as CP silica due to the higher surface area and greater number of Brønsted acid sites (surface hydroxyls). The higher activity allows the support to play a much greater role in the catalytic behavior at low loadings, leading to decreased formaldehyde selectivity for AP catalysts.
Catalyst activity in partial oxidation of methanol also provides information on the nature of the active sites. Catalytic activity for AP and CP V/SiO 2 were nearly the same for weight loadings less than 3 %. However, statistically significant differences were noted at 3 % and higher. There are two possible explanations for the differences. The first is that the interaction between the supported vanadium phases and the support were different when AP and CP silica are used. Previous work has indicated that different supports give orders of magnitude differences in TOF and this difference has been attributed to the reducibility of the metal-oxygen-vanadium bond . Another possibility is that different surface vanadium phases are formed on the two supports that have different intrinsic activities.
If there are differences in the interaction between the supported vanadium phases and the support, differences in turnover frequenct (TOF) would be observed for all weight loadings. This is not the case: TOF of AP and CP catalysts are very close at almost all weight loadings. In addition, this hypothesis would suggest that the TPR results for AP and CP catalysts would be quite different, since the reducibility of the Si-O-V bond is thought to be critical for determining catalyst activity van Hengstum, 1984; Haber, 1986] . This is also not the case: the T max of AP and CP catalysts are within 5 o C of each other for all weight loadings, with the exception of 3 % samples where a 18 o C difference is found. It is, therefore, hypothesized that the differences in activity are due to differences in the vanadium phases present at high weight loadings on AP and CP catalysts. TOF is plotted as a function of vanadium weight loading in is essentially the same for AP and CP at weight loadings less than 3 %. For these low weight loadings, only monovanadate (VO 4 ) would be expected to be present on either catalyst. At higher weight loadings, where TOF are different, it is hypothesized that CP catalysts have more V 2 O 5 present at the same weight than AP catalysts. This increased amount of V 2 O 5 is thought to lower the activity of CP catalysts relative to AP catalysts. This hypothesis assumes that V 2 O 5 is less active than monovanadate species. This is counter to the trend that Deo and Wachs suggest , but in agreement with results reported by Koranne, et al. [Koranne, 1994] who found that monovanadate on V/SiO 2 catalysts was more active than bulk V 2 O 5 in the partial oxidation of methane.
Our results in Figure 4 show a decrease in TOF as the V 2 O 5 weight percent is increased on both AP and CP V/SiO 2 . This is consistent with aggregated phases being less active than isolated monovanadate species. It should be noted that there is some uncertainty in the low weight loading results, as indicated by the large error bars, so some caution is required when interpreting these results. It was also noted that the activity of 30 % CP V/SiO 2 (which is covered by bulk V 2 O 5 ) was 2.2×10 -2 s -1 , which is in good agreement with that reported in the literature for bulk V 2 O 5 [Deo, 1991] . This value is less than that found for low weight loading catalysts (<3 %) where only monovanadate is expected, again suggesting that V 2 O 5 is less active than isolated monovanadate.
For V/MgO catalysts, no significant difference in selectivity was found between AP and CP catalysts. Nevertheless, AP V/MgO catalysts were more active than CP V/MgO at 20 % loading and higher. However, when the TOF were compared based on vanadium surface density, AP V/MgO exhibited equivalent TOF as CP samples. This
